Pyrrole is a privileged five-membered aromatic nitrogen heterocycle, which is ubiquitous in natural products, drug molecules, and functional materials. Therefore, numerous synthetic routes to substituted pyrroles have been extensively developed. Nevertheless, the efficient and short-step synthesis of highly substituted and/or fused pyrroles has remained a significant challenge in organic chemistry. Here we report a ruthenium-catalyzed nitrogentransfer [2 + 2 + 1] cycloaddition of α,ω-diynes involving cyclic biscarbenoid intermediates. To achieve the key nitrogen transfer to carbenoid carbons, sulfoximines are employed as nitrene surrogates. Consequently, diverse fused pyrroles are successfully synthesized in good yields with wide functional group compatibility. Moreover, this method allows the synthesis of N-alkyl, N-aryl, and even N-H pyrroles, which are difficult to obtain using previous [2 + 2 + 1] -type reactions. Nitrogen transfer from sulfoximines to cyclic biscarbenoid intermediates is supported by density functional theory calculations and control experiments.
T ransition metal (TM)-catalyzed nitrene-transfer reactions (NTRs) have been extensively investigated as they provide efficient access to valuable nitrogen compounds via C-H amination, aziridination, sulfimidation, etc 1 . Because nitrenes are extremely reactive, the combination of TM catalysts with nitrene surrogates is generally employed to control both the reactivity and selectivity of NTRs [1] [2] [3] [4] [5] . Thus, the development of methods involving a novel nitrene surrogate would significantly expand the synthetic potential of NTRs. A recent study by Tonks and coworkers demonstrated that Ti(IV) imido species, which were derived from N,N′-diaryl diazenes, participated in a [2 + 2 + 1] cycloaddition with alkynes to afford N-aryl pyrroles (Fig. 1a) 6 . Our group has also been engaged in the development of atomtransfer [2 + 2 + 1] cycloadditions of α,ω-diynes [7] [8] [9] . However, a similar nitrogen transfer has never been observed when conventional nitrene surrogates were employed.
Pyrroles are among the most important five-membered heteroaromatic compounds that are ubiquitously found in natural products, bioactive compounds, and functional molecules [10] [11] [12] [13] [14] [15] . Although diverse synthetic routes to substituted pyrroles have been continuously devised beyond the conventional Paal-Knorr and related methods, there is still an ample need for mild, efficient, selective, and short-step synthesis of highly substituted pyrroles [16] [17] [18] [19] [20] [21] . In this regard, [2 + 2 + 1]-type cyclocondensation reactions of alkynes with amines provide promising routes to fully substituted pyrroles in a single operation [22] [23] [24] [25] [26] . However, activated alkyne substrates are essential for these reactions, and stoichiometric promoters are often required. In contrast, Wang, Lu, and coworkers developed Pd-catalyzed methods to synthesize fully substituted pyrroles from arylalkynes and primary amines (Fig. 1b) 27, 28 . Buchwald and coworkers also reported an indirect [2 + 2 + 1] synthesis of N-Boc pyrroles via a Cu-catalyzed coupling of BocNH 2 with 1,4-diiodo-1,3-dienes, which were prepared beforehand from two alkyne molecules 29 . Recently, Tonks' group reported a Ti-catalyzed [2 + 2 + 1] cycloaddition of alkynes using N,N'-diaryl diazenes as nitrene surrogates (Fig. 1a) 6 . Although these advances enable the catalytic synthesis of highly substituted pyrroles using simple amines or diazenes, most of the methods are limited to monocyclic and/or less functionalized pyrroles. Thus, an efficient protocol for the catalytic synthesis of functionalized polycyclic pyrroles remains undeveloped. Because fused pyrroles are found in bioactive molecules and functional materials (Fig. 1d) , development of a catalytic nitrogen-transfer [2 + 2 + 1] synthesis of fused pyrroles would contribute significantly to pyrrole-based design of drugs and materials 30, 31 . Nevertheless, the straightforward application of the state-of-the-art catalytic nitrogen-transfer systems to the targeted [2 + 2 + 1] reaction poses a major challenge: late-transition-metal nitrenoids generally undergo C-H insertion and/or [2 + 1] aziridination with unsaturated compounds 1 , and thus, the chemoselective transformation of functionalized α,ω-diynes into the target pyrroles requires a novel strategic approach: nitrogen transfer without involving metal nitrenoids.
Here we investigate the ruthenium-catalyzed nitrogen-transfer [2 + 2 + 1] cycloaddition of α,ω-diynes using sulfoximines as effective nitrene surrogates for ruthenacyclic intermediates bearing a cyclic biscarbenoid character (Fig. 1c) . It should be noted that because sulfoximines are rather stable, their loss of nitrogen to give sulfoxides is very rare 32, 33 . Sulfoximines can be synthesized via sulfimidation of the corresponding sulfoxides including ruthenium-catalyzed nitrene transfer [34] [35] [36] , and a reverse reaction, i.e., nitrogen transfer from sulfoximines, has not been previously disclosed, to the best of our knowledge. The newly developed process is operationally simple and compatible with a wide variety of diyne substrates bearing reactive functional groups. Moreover, the use of sulfoximines enables the introduction of reactive N-substituents on the pyrrole products and even an N-unprotected pyrrole can be directly obtained without a 
Results
Reaction optimization. The key to the successful realization of the elusive catalytic nitrogen-transfer [2 + 2 + 1] synthesis of fused pyrroles is the identification of the optimal nitrene surrogates toward ruthenacycle intermediates as electrophilic biscarbenoids. Thus, we screened various alkyl-substituted and arylsubstituted N-methyl sulfoximines toward the reaction with ether-tethered diyne 1a in the presence of ruthenium catalyst [CpRu(MeCN) 3 ]PF 6 (Ru1, Cp = η 5 -cyclopentadienyl), as shown in Fig. 2a . When diphenyl sulfoximine 2a was used, the expected product 3a was obtained, albeit in a low yield (25%). Although dialkyl sulfoximine 2b was totally inefficient, methyl phenyl sulfoximine 2c was found to be more competent than 2a. Further electronic tuning was conducted based on 2c. The weakly electron-withdrawing p-chlorophenyl substituent in 2d had a negative impact on the product yield, while sulfoximine 2e bearing an electron-donating p-methoxyphenyl substituent increased the yield of 3a. Further improvement was observed when sulfoximine 2f with a weakly electron-donating p-fluorophenyl substituent was used, and thus, 2f was selected as the optimal nitrene surrogate. Other parameters were also examined. The more electron-rich catalyst [Cp*Ru(MeCN) 3 ]PF 6 (Ru2, Cp* = η 5 -pentamethylcyclopentadienyl) gave a much inferior result and common organic solvents such as AcOEt, THF, MeCN, and 1,2-dichloroethane (DCE) were less efficient than dimethylformamide (DMF). With increased loadings of Ru1 (2 mol%) and 2f (1.1 equiv), the reactions of 1a and sulfonamide-tethered diyne 1b proceeded to completion within 0.5 h in dry DMF at 80°C, affording the desired pyrroles 3a and 3b in 92% and 98% yields, respectively (Fig. 2b) .
Scope of [2 + 2 + 1] pyrrole synthesis. To further demonstrate the substrate scope, various diynes were subjected to the nitrogentransfer [2 + 2 + 1] cycloaddition using 2f; the results obtained with optimal catalyst loadings and reaction times are shown in Fig. 3 . Amide (3c), imide (3d), ketone (3e), nitrile (3f), ester (3g) and alcohol (3h) moieties on the tethers were well tolerated in the reaction protocol. Phenyl groups possessing electron-donating alkoxy (3k-m) or electron-withdrawing (3n, 3q, and 3s) groups, and thiophenes (3r) were compatible as alkyne terminal groups. Notably, reactive C-I and C-B bonds (3o and 3p) were also tolerated. Acenaphthene-fused and benzopyran-fused pyrroles (3i and 3j) as well as unsymmetrical pyrroles (3s and 3t) could be obtained in high yields. One of the terminal groups could be an alkyl group, as 3t was obtained in good yield. Although diyne 1u bearing methyl terminals did not afford the corresponding product 3u under similar conditions, the reaction of diyne 1v bearing cyclopropyl groups on both terminals afforded the corresponding product 3v in 68% yield with the cyclopropyl groups intact. Nevertheless, the use of 2d instead of 2f and a 10 mol% catalyst loading converted 1u into 3u in 52% yield. Silyl-substituted diynes also underwent nitrene-transfer [2 + 2 + 1] cycloaddition when DCE was used as the solvent instead of DMF under reflux. Unsymmetrical pyrrole 3w bearing a bulky Si t BuMe 2 group was obtained in 91% yield, albeit an increased catalyst loading (10 mol %) was required. The reaction of bis(trimethylsilyl)diyne 1x was performed similarly to afford 2,5-unsubstituted pyrrole 3x in 83% yield after exhaustive desilylation using n Bu 4 NF [tetra-n-butylammonium fluoride (TBAF)]. Because various sulfoximines are readily available 34, 35 , the scope of N-substituents was investigated for the reaction of diyne 1a (Fig. 4a) . Although increased loadings of sterically more demanding sulfoximines 2g-k (2 equivs) were required, the corresponding pyrroles 4-6, 8, and 9 were obtained in 69-82% yields. Although the reason was unclear, the reaction with N-prenyl sulfoximine 2i afforded N-H pyrrole 7 in 13% yield along with the expected product 6 (74%). N-aryl pyrrole 10 was also obtained in 67% yield. In this case, 1.5 equiv of sulfoximine 2l, bearing a more electron-donating p-methoxyphenyl substituent on the sulfur center, was required. In the syntheses of complex molecules including reactive pyrrole scaffolds, N-protecting groups play a critical role 37 . However, the removal of N-protecting groups often requires elaborate manipulations and/ or affords low yields. Thus, the direct synthesis of N-unprotected highly substituted pyrroles has a significant advantage. Notably, the use of N-triethylsilyl sulfoximine 2m (1.5 equiv) as an N-H nitrene surrogate directly produced N-H pyrrole 7 in 70% yield, although a higher reaction temperature of 120°C was required. The potency of sulfoximines as nitrogen donors is attributable to their sufficient nucleophilicity toward the electrophilic ruthenacycle intermediates as well as the leaving-group ability of the corresponding sulfoxides. In fact, much less nucleophilic N-Boc sulfoximine 2n (R = Boc, Y = F) proved to be totally inefficient. It should be noted that alkyne moieties, which can be used for further derivatizations, could be introduced on the N-substituents, because α,ω-diynes are selectively transformed into pyrroles in our nitrogen-transfer [2 + 2 + 1] cycloaddition. N-Propargyl pyrrole 8 underwent ruthenium-catalyzed Markovnikov hydrosilylation with triethylsilane and [3 + 2] cycloaddition with benzyl azide to regioselectively afford vinylsilane 11 and triazole 12 in 78% and 91% yields, respectively (Fig. 4b) 38, 39 .
Mechanistic considerations. To gain insights into the mechanism, several control experiments were carried out. The reaction of diyne 1a with enantiopure sulfoximine (R)-2c (99% ee, 1.1 equiv) was performed using acetone as the solvent to ensure the isolation of the resultant sulfoxide. After reaction for 6 h, methyl phenyl sulfoxide (R)-13 was obtained in 68% yield with 98% ee along with pyrrole 3a (Fig. 5a) . Thus, it was confirmed that the nitrogen transfer from sulfoximines occurs with retention of configuration at the sulfur center. The influence of the sulfoxide side products on the reaction efficiency was also examined by comparing rates for the reactions of diyne 1a and sulfoximine 2c with or without adding sulfoxide 13 (Supplementary Methods). As a result, the reaction rate was slightly decreased by initially adding 1 equiv of 13, suggesting that sulfoxides slow the catalyst turnover by their coordination to the ruthenium center.
Moreover, the involvement of cationic ruthenacycle intermediates was experimentally corroborated by the formation of 3a from the reaction of isolated ruthenacycle 14 40 with sulfoximine 2f (1.1 equiv) in the presence of AgPF 6 (1.1 equiv) in DMF at 80°C (Fig. 5b) . In this case, the cationic ruthenacycle derived from 14 was less electrophilic than that derived from Ru1 because the Cp* ligand in 14 was more electron-donating than the Cp ligand in Ru1. Nevertheless, 3a was obtained in a moderate yield of 58%.
Based on these observations and the results obtained in our previous studies [7] [8] [9] , a plausible mechanism for the nitrogentransfer [2 + 2 + 1] cycloaddition is proposed, as shown in Fig. 5c . The reaction of Ru1 with a diyne substrate produces the ruthenacycle key intermediate I. Because I behaves as a cyclic biscarbenoid [40] [41] [42] [43] , nitrogen transfer from sulfoximines 2 to one of the carbenoid carbons in I occurs via TS I-II to produce azadienylcarbene complex II. Subsequent cycloisomerization of II affords η 5 -pyrrole complex III. Finally, the pyrrole ligand of III is replaced by diyne substrate 1 to afford free pyrrole 3, and subsequent oxidative cyclization regenerates I. This mechanism is quite distinct from that of Tonks' titanium-catalyzed reaction, which involves the formation of Ti(IV) imido species and its sequential reactions with alkynes 6 . Our reaction is the first example of a [2 + 2 + 1] cycloaddition via a catalytic nitrogen transfer to a five-membered metallacycle intermediate. However, stoichiometric reactions of cobaltacyclopentadienes or titanacyclopentadienes with nitrene surrogates leading to pyrroles has been reported [44] [45] [46] . To support the proposed mechanism, the reaction of diyne 1a with sulfoximine 2f was analyzed by density functional theory calculations at the PCM (DMF) rM06L/6-311 G + + (d,p)-SDD// rB3LYP/6-31 G(d)-LanL2DZ level of theory (for details, see Supplementary Methods). This method has been reliably used for the computational analysis of TM-catalyzed reactions 47 . The calculated energy surface is shown in Fig. 6 . The initial oxidative cyclization of cationic diyne complex A with one DMF ligand proceeds via TS AB with an activation energy of ΔG ‡ = + 12.1 kcal/mol. After passing through TS AB , ruthenacyclopentadiene B is located at a slightly lower energy level than A. Subsequently, B undergoes facile isomerization to planar delocalized ruthenacycle C through a small activation barrier of ΔG ‡ = + 5.1 kcal/mol. The geometry of C is comparable to that of previously reported ruthenacyclopentatrienes 37 : the Cα-Cβ bonds (1.413 and 1.415 Å) are only slightly longer than the Cβ-Cβ' bond (1.389 Å). In addition, the Ru-Cα bonds (1.994 and 1.995 Å) are shorter than a normal Ru-C single bond (ca. 2.0 Å), indicating that C has a biscarbenoid character. The formation of C from A is estimated to be 18.2 kcal/mol exergonic.
After oxidative cyclization, ligand exchange of DMF-bound ruthenacycle C with sulfoximine 2f generates N-bound sulfoximine complex D, which undergoes the key nitrogen transfer with an activation energy of ΔG ‡ = + 27.7 kcal/mol to generate azadienyl carbene complex E with the concomitant extrusion of the sulfoxide residue. The shortened Ru-N/Cα-N and elongated Ru-Cα/N-S distances in TS DE suggest that the nitrogen transfer is a concerted process. The formation of E from D is thermodynamically favorable as it is exergonic (-50.4 kcal/mol). The subsequent cycloisomerization of azadienyl carbene complex F is very facile and thermodynamically favorable as it proceeds via TS FG with a small activation energy of ΔG ‡ = + 7.2 kcal/mol, and the formation of η 5 -pyrrole complex G from F is exergonic (-21.9 kcal/mol). The rate-determining step is the nitrogen transfer, and the largest energetic span between C and TS DE is estimated to be 28.4 kcal/mol, which is reasonably small under the experimental conditions. Moreover, the high exergonicity (-96.6 kcal/mol) of the formation of G from A suggests that the overall process is thermodynamically feasible.
Discussion
In conclusion, a catalytic [2 + 2 + 1] cycloaddition route to fused pyrroles, using sulfoximines as the nitrene surrogates, has been successfully developed. Screening of several sulfoximines led to the identification of methyl p-fluorophenyl sulfoximines as the optimal surrogates. The optimized protocol enabled the shortstep synthesis of diverse fused pyrroles with good functional group compatibility. A plausible mechanism, involving the nitrogen transfer from sulfoximines to cationic ruthenacycle intermediates, was proposed based on several control experiments. The kinetic and thermodynamic feasibility of the proposed Data availability. The authors declare that the data supporting the findings of this study are available within the article and Supplementary Information file, or from the corresponding author upon reasonable request.
